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ABSTRACT
The virial masses of ultra-diffuse galaxies (UDGs) have been estimated using the
kinematics and abundance of their globular cluster populations, leading to disparate
results. Some studies conclude that UDGs reside in massive dark matter halos while
van Dokkum et al. (2018), controversially, argue for the existence of UDGs with no
dark matter at all. Here we show that these results arise because the uncertainties
of these mass estimates have been substantially underestimated. Indeed, applying the
same procedure to the well-studied Fornax dwarf spheroidal would conclude that it has
an ‘overmassive’ dark halo or, alternatively, that it lacks dark matter. We corroborate
our argument with self-consistent mocks of tracers in cosmological halos, showing that
masses from samples with 5 < N < 10 kinematic tracers (assuming no measurement
errors) are uncertain by at least an order of magnitude. Finally, we estimate masses
of UDGs with HST imaging in Coma and show that their recent mass measurements
(with adequate uncertainties) are in agreement with those of other dwarfs, such as
Fornax. We also provide bias and scatter factors for a range of sample sizes and
measurement errors, of wider applicability.
Key words: galaxies: kinematics and dynamics - galaxies: structure - galaxies: for-
mation -
1 INTRODUCTION
Deep and wide-field surveys with fast optics (e.g. Mart´ınez-
Delgado et al. 2008; van Dokkum et al. 2014) are leading the
exploration of the low-surface-brightness (LSB) frontier of
galaxies and their associated halos, extending early studies
of galaxy halos and LSB galaxies (e.g. Sandage & Binggeli
1984; Turner & et al. 1993; Dalcanton et al. 1997; Shang
et al. 1998). Observations in the Coma cluster have resulted
in what has been reported as a new class of LSB galax-
ies, with kpc-scale half-light radii (some with Reff ≈ 3 kpc,
comparable to the Milky Way) and µe,r > 24.5 mag/arcsec
2,
dubbed “ultra-diffuse galaxies” (UDGs; although see Turner
et al. 1993 for earlier examples). Galaxies with these prop-
erties have since been detected in different environments, in
both groups and in the field (e.g. van der Burg et al. 2017;
Roma´n & Trujillo 2017, and references therein). In the Lo-
cal Group, some dwarf galaxies are even more striking than
? CITA National Fellow e-mail:cfpl@uvic.ca
† email aagnello@eso.org, ORCID 0000-0001-9775-0331
UDGs (Collins et al. in prep) in terms of surface brightness
and sizes, as is the case of Crater 2 (Torrealba et al. 2016)
and And XIX (Martin et al. 2016).
Theoretically, there is no shortage of models for UDGs.
Dalcanton et al. (1997) and Amorisco & Loeb (2016) de-
scribed their population properties as the high-spin and
small-mass part of the pre-infall halo population. Numerical
simulations suggest that UDGs can form in groups and clus-
ters (Di Cintio et al. 2017; Chan et al. 2018) and so they may
not be so “special” after all. In fact, the interplay between
feedback and angular momentum was already explored in or-
der to explain the size distribution of disk galaxies decades
ago (e.g. Dekel & Silk 1986; Navarro & White 1994). Still,
direct probes of halo masses are needed to definitely bridge
theory and observations.
Globular clusters (GCs) are bright enough that they
can be easily detected out to the Coma cluster, thus provid-
ing estimates of the host halo masses of faint galaxies from
their GC specific frequency (Hudson et al. 2014). GC counts
in Coma suggested that UDGs can have ‘overmassive’ ha-
los, up to ≈ 1012 M (van Dokkum et al. 2016). A follow-up
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study (Amorisco et al. 2018), on a sample of 54 Coma clus-
ter UDGs with HST imaging data, has shown that they are
mostly ‘normal’ dwarf galaxies, with1 M200 ≈ 109−1011 M,
and that their claimed GC abundances are widely uncer-
tain2.
At the opposite end, van Dokkum et al. (2018, here-
after vD18) claimed the discovery of a galaxy lacking DM,
NGC 1052-DF2, based on an unusually small velocity disper-
sion, albeit based on only 10 GCs3. This is not the first dwarf
with unusually low velocity dispersion, but other teams have
been more cautious when interpreting their dark matter con-
tent, due mainly to the large uncertainties expected from
such small numbers of tracers (Toloba et al. 2018). Indeed,
the dark matter content estimation depends on a number
of procedural steps, each of which is subject to substantial
uncertainty:
• A determination of the true line-of-sight velocity dis-
persion given the observed velocities and their errors.
• A conversion of the measured velocity dispersion to
mass at a given radius of the tracer (or outer radius de-
pending on the choice of the mass estimator).
• Extrapolation of the mass within the given radius (e.g.
half-light radius) to the virial radius in the case where a
virial mass estimation is to be performed.
Here we show how some of the recent claims about
UDGs, such as NGC1052-DF2, may be uncertain, driven
by extrapolation and small number statistics. The same ap-
proach, when applied to the nearby Fornax dSph, would lead
to inaccurate and even contradictory conclusions: 1) that
Fornax lacks DM, and/or 2) that Fornax has a DM halo of
M200 ∼ 2.5× 1010 M, about five times larger than inferred
from stellar-kinematic data. This Letter is organized as fol-
lows. In Section 2 we apply the same approach as vD18 to
the Fornax dSph, and provide a re-assessed velocity disper-
sion of NGC1052-DF2 from the data of vD18. We provide a
general evaluation of bias and scatter in σ2 from small sam-
ple size and velocity measurement errors. We also study the
systematics of low N tracers in mass estimators through the
sampling of equilibrium distribution functions to corrobo-
rate our arguments. We put Fornax and NGC1052-DF2 in
the wider context of UDG mass sequences in Section 3, and
summarize our findings in Section 4.
2 UNCERTAIN MASS MEASUREMENTS
Here, we show how nearby dwarf galaxies might be inter-
preted as ‘overmassive’ or DM-free if the same approach
used for UDGs is followed. The simplest example is the For-
nax dSph, whose mass within the half-light radius from ex-
tended measurements of its stellar populations is very well
constrained.
1 M200 being the mass within a radius where the mean inner
density is 200 times the critical density of the Universe
2 This is in part due to difficulties in estimating membership since
contamination effects are non-negligible in Coma.
3 They also argued that their measurement was strong enough
evidence to challenge alternative theories of gravity, but it was
soon shown by Famaey et al. (2018) that their study failed to
appreciate subtle complications in the MONDian regime.
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Figure 1. Mass profile of NFW haloes and constraints on that
of the Fornax dwarf spheroidal galaxy. The blue points are con-
straints on the Fornax mass profile from stellar kinematics (Amor-
isco et al. 2013). The magenta symbol indicates the constraints
on Fornax from the velocity dispersion of the system of 4 member
globular clusters. The error bars are 1σ and 2σ equivalents (i.e.
encompassing 68 and 95 per cent confidence). The grey lines in-
dicate NFW dark matter halo mass profiles for integer log(M200)
and the shaded regions around them indicate 95 per cent confi-
dence on these halo mass profiles given the uncertainties on the
concentration - mass relation. The orange line surrounded by the
light orange shaded region highlights the the stellar mass profile
and its 95 per cent confidence interval. Finally, the black lines
indicate the total mass profile (dark matter + stars). The mass
inferred from the GCs of the Fornax dSph, if correct, would make
it ‘overmassive’ (from GC abundance), or ‘lacking DM’ (lower
quantiles from GC kinematics) or ‘just right’ (upper quantiles
from GC kinematics). Its stellar populations give a more accurate
mass (e.g. Amorisco et al. 2013), albeit with ≈ 0.3 dex uncertain-
ties.
2.1 The Fornax dSph: an overmassive halo
without dark matter?
Fornax has a stellar luminosity of LV = (1.4±0.4)×107 M,
a metal-poor population with Reff ∼ 0.9 kpc, and 5 known
globular clusters associated with it (see Table 1 of Cole
et al. 2011, and references therein). Line-of-sight veloci-
ties for thousands of red-giant-branch stars have been mea-
sured (Walker et al. 2009). While the exact shape of the
DM density profile in dSphs is a topic of debate (Walker
& Pen˜arrubia 2011; Agnello & Evans 2012; Laporte et al.
2013), all agree that the mass within the half-light radius
is well constrained (e.g. discussions in Walker et al. 2009;
Wolf et al. 2010), and that this dwarf is dark-matter domi-
nated with dynamical massM(Reff) ∼ 5.3×107 M enclosed
within a 3D radius from the centre equal to Reff ∼ 668 pc.
Let us consider a back-of-the-envelope calculation for
the mass of Fornax using solely its GCs. Only 4 of the GCs
have a measured line-of-sight velocity. Half of them are con-
tained within a (projected) radius of 0.95 ± 0.53 kpc. The
c© 2011 RAS, MNRAS 000, 1–8
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most robust approach for estimating σGC posits a likelihood
of the form
L =
N∏
j=1
exp{−v2j /[2(σ2GC + 2j )]}
[2pi(σ2GC + 
2
j )
1/2]
, (1)
where the product is over the 4 GCs and we adopt a Gaus-
sian distribution of velocities and errors. The inferred veloc-
ity dispersion is 6.84+5.16−3.1 (resp. 6.84
+9.66
−4.87) with 68% (resp.
95%) credibility. The resulting masses, computed using the
estimator of Walker et al. (2009, hereafter W09) are shown in
Figure 1. By comparison, the masses determined from kine-
matics of its stellar sub-populations (Amorisco et al. 2013)
are displayed by blue crosses, and the stellar mass profile
by the orange stripe. The GC kinematic estimate is clearly
incapable of placing strong constraints on the dark matter
content of Fornax; indeed, within 2σ, the error bars span a
mass range of nearly 2 orders of magnitude; from ‘no dark
matter’, to a dark matter content that exceeds the stellar
mass by a factor of ∼ 40.
Fornax’s virial mass, on the other hand, may be es-
timated by considering the empirical relation between the
number of GCs and halo mass M200 (Hudson et al. 2014;
Harris et al. 2017), assuming that this relation can be ex-
trapolated to dwarf galaxies. We re-write eq. (4) of Harris
et al. (2017) as
M200 = 10
9.6M ×N1.1GC, (2)
with ∼ 0.3 dex scatter.
With five GCs, Fornax would have M200 ≈ 2.5 ×
1010M; about five times higher than implied by stellar
kinematics if one were to simply do an extrapolation from
the measured enclosed mass at the half-light radius. Bor-
rowing from previous nomenclature on UDGs (van Dokkum
et al. 2018; Beasley et al. 2016), the GCs of Fornax would
indicate an overmassive halo lacking dark matter. Fornax is
not the only example in the Local Group. Indeed, a similar
line of argument can be made with the few GCs inhabiting
dwarf ellipticals (Geha et al. 2010) in Andromeda such as
NGC147 and NGC 185 for which new GCs have recently
been followed up (see Veljanoski et al. 2013, and references
therein). Clearly, masses estimated from GC abundances are
merely indicative in this regime, for which realistic uncer-
tainties are difficult to assign.
2.2 De-biasing observational effects
Masses of dwarf galaxies from GC kinematics usually rely
on a small number of tracers, with individual velocity er-
rors that are comparable to the dispersion. The example of
NGC 1052-DF2 shows that this is a real concern. Following
the same procedure as above, we can quantify the effect of
sample size (N) and ratio of ‘true’ velocity dispersion to ve-
locity errors (σ/v) on the inferred velocity dispersion σmod.
For each choice of N and σ/v we draw 10
4 mocks, infer
their most likely σmod, and then compute the 16-th, 50-th
and 84-th percentiles of σ2mod across the 10
4 mocks. We con-
sider the squared velocity dispersion because it is directly
related to the mass estimator at ≈ rh. The results are listed
in Table 1. Samples with low N (6 11) or low S/N have
a general ≈ 20% bias and a large scatter, spanning at least
one order of magnitude in the inferred mass at rh. Even with
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Figure 2. Same as Figure 1, but for the NGC 1052-DF2 ultra-
diffuse galaxy. The black symbol is the upper limit on mass from
van Dokkum et al. (2018)’s interpretation of the velocity dis-
persion of the 9 globular clusters, while the magenta point is
the corresponding mass that we obtain from the velocity disper-
sion of all 10 globular clusters. The GC abundance would yield
M200 ≈ 5.5× 1010M. We offset the vD18 point at R = 3.5 kpc
for visual clarity.
exquisite velocity measurements on its GCs, NGC 1052-DF2
would have a 50% systematic scatter in its inferred mass at
≈ 3 kpc. With the velocity errors of the current sample,
its mass at rh may be overestimated by ≈ 1.7 or underesti-
mated by almost one order of magnitude. These results can
also be applied to ultra-faint galaxies in the Local Group,
where velocities are only available for handfuls of stars.
One caveat is in order: the mocks were fit by vary-
ing only the velocity dispersion as a free parameter, under
the hypothesis that the systemic (average) velocity is deter-
mined independently e.g. through starlight spectroscopy of
the host. However, this is not always the case, and if the
average velocity is another free parameter this has the effect
of further biasing the estimated velocity dispersion towards
lower values – as the best-fit average minimizes variance.
Then, the quantiles in Table 1 should be taken as optimistic
evaluations of bias, and the true bias may be even worse
when the systemic velocity is determined directly from the
tracer kinematics.
2.3 NGC 1052-DF2 Revisited
From the measured GC velocities and errors, vD18 argue
that the velocity dispersion σGC of the population must
be smaller than ≈ 10 km s−1 (their 90 percent confidence
upper limit), and at most ≈ 14.3 km s−1. Admittedly, the
presence of an ‘outlier’ with v = (−39 ± 14.3) km s−1 is
not completely unexpected in a sample of 10 objects with
10 km s−1 < σ < 14.3 km s−1. Note that the rms velocity
errors are of the order ∼ 9 km s−1. We have re-evaluated
c© 2011 RAS, MNRAS 000, 1–8
4 Laporte et al.
N ↓ σ/v =0.5 σ/v =1.0 σ/v =1.5 σ/v =2.0 σ/v =2.5
7 [1.7× 10−4, 0.067, 3.16] [0.02, 0.81, 2.02] [0.27, 0.88, 1.73] [0.41, 0.90, 1.62] [0.44, 0.89, 1.54]
11 [1.6× 10−4, 0.74, 2.90] [0.18, 0.88, 1.83] [0.41, 0.92, 1.58] [0.53, 0.93, 1.48] [0.54, 0.93, 1.45]
21 [2× 10−4, 0.85, 2.46] [0.39, 0.92, 1.60] [0.55, 0.95, 1.43] [0.65, 0.96, 1.35] [0.67, 0.96, 1.33]
31 [5× 10−4, 0.88, 2.21] [0.50, 0.96, 1.51] [0.64, 0.97, 1.35] [0.71, 0.97, 1.29] [0.73, 0.97, 1.27]
41 [0.003, 0.93, 2.10] [0.57, 0.97, 1.43] [0.68, 0.97, 1.32] [0.75, 0.98, 1.25] [0.76, 0.98, 1.24]
51 [0.02, 0.92, 1.95] [0.60, 0.97, 1.38] [0.72, 0.98, 1.28] [0.78, 0.98, 1.22] [0.81, 0.99, 1.23]
NGC〈µ2〉/σ2 5.0 2.0 1.4 1.14 1.1
Table 1. Effect of sample size (top to bottom) and ratio σ/v between ‘true’ dispersion and velocity errors on the inferred, squared
velocity dispersion. For each combination, we give the 16-th, 50-th and 84-th percentiles of σ2mod/σ
2, where σ (resp σmod) is the ‘true’
(resp. inferred) velocity dispersion. 104 mocks per parameter choice were used, yielding ≈ 1% accuracy in the quantiles. NB: The quantiles
may be even lower if the systemic velocity is to be fitted from the tracer kinematics – as the best-fit average minimizes variance. The
final line shows the variance in measured average velocity, across mocks, normalized to σ2/NGC : it depends strongly on true-sigma over
errors, but not on the sample size, and satisfies the asymptotics (NGC〈µ2〉/σ2 → 1) at small errors.
the velocity dispersion using the likelihood of eq. (1), where
the product is over the 10 GCs in the sample and we have
adopted Gaussian velocity and error distributions. The in-
terested readers are encouraged to see Martin et al. (2018)
for an independent discussion of kinematics in this system,
which accounts for possible contamination, and reports re-
sults that are comparable to ours. Our estimation yields a
most likely σGC = 9.0 km s
−1, with 7.2 < σGC < 12.6 km s−1
at 68% and 5.3 < σGC < 20.3 km s
−1 at 95% confidence lev-
els for the vD18 dataset.4
This first result is already at variance with the claim
of vD18. However, extra caution is needed, as the velocity
errors are comparable to σGC itself. This tends to bias the
inferred σGC towards lower values, as has been long known
in studies of dwarf galaxies (e.g. see Koposov et al. 2011;
Toloba et al. 2016). In order to de-bias the inferred disper-
sion, we drew 104 mocks of 10 GCs from Gaussians with
different ‘true’ velocity dispersions, all with 7.0 km s−1 ve-
locity errors5. For each mock, we inferred σGC by exploring
the likelihood, and then recorded its average and dispersion
over the 104 mocks. This procedure is also repeated, for dif-
ferent sample sizes and errors, in the next subsection. From
this de-biasing, we conclude that σGC = 10
+3
−2 km s
−1 at 68%
credibility and σGC = 10
+10.5
−3 km s
−1 at 95% credibility.
The mass of NGC 1052-DF2 at RGC = (3.1± 0.3) kpc,
with the debiased σGC quantiles from above, is shown in Fig-
ure 2. With the values above, the GCs give a total M/L ≈ 5
at the 3D half-mass radius rh = 3 kpc, and a dark halo with
M200 up to ≈ 1010M is still compatible with the data at
95% credibility. Using the abundance estimator of eq. (2),
with at least 10 GCs6, we would obtain M200 > 5×1010M.
The lessons learnt from Fornax, with a significant underesti-
mate (resp. overestimate) from GC kinematics (resp. abun-
dance), would then suggest that NGC 1052-DF2 can easily
4 Had vD18 used the gapper estimate of velocity dispersion,
which is considered more accurate than the biweight for samples
of 10 objects (Beers et al. 1990), they would have found a velocity
dispersion of 13.9 km s−1 instead of 8.4 km s−1, which would have
changed their conclusions.
5 This error estimate is bracketed by the real-data errors, which
range between 3 km s−1 and 15 km s−1.
6 We could not find the completeness-corrected number of GCs
in the vD18 paper, so we are using only the spectroscopically
confirmed ones in this estimate.
2 4 6 8 10
r [kpc]
107
108
109
1010
M
(r)
[M
]
1012 M
1011 M
1010 M
109 M
108 M
f(M), N = ( )5,10,30,100
< M(Rh) > , N = 1000
Figure 3. Systematics of small samples in dynamical mass esti-
mations using a Plummer tracer population (meant to represent
stars or GCs) with rh = 2.0 kpc in a halo with M200 = 10
10 M
and concentration of c(M200) = 12.8. The mass profile of the un-
derlying potential is shown in black, as well as the M(r) profiles
for halos of M = [0.01, 0.1, 10, 100]×1010 M in grey. We present
the uncertainties within the symmetric 95 % range in mass es-
timations for N = [5, 10, 30, 100] tracers in grey, blue, red and
green from all the draws. The magenta point marks the median
mass estimation from drawing 1000 tracers 1000 times. The blue
horizontal line marks the uncertainty (95 % range) for the mean
effective radius derived from using N = 10 tracers. Systematics
(due to sampling) will dominate any mass-measurements using
N = 10 tracers or fewer.
have M200 ≈ 5.0 × 109M. We also remark that the stel-
lar mass profile plotted by vD18 seems to follow the (2D)
enclosed-luminosity profile, instead of the (3D) mass from
the de-projected density, and this artificially exacerbates the
issue of stellar-vs-dark mass in this system.
c© 2011 RAS, MNRAS 000, 1–8
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2.4 DF2 re-revisited
So far, our findings above can be summarized as follows:
• With the velocities and distances quoted by vD18a,
there is no clear indication that DM is “lacking”, once a
proper analysis of the uncertainties is performed.
• The mass estimated from GC abundance (11 claimed
members) is significantly larger than that from GC kine-
matics.
After April 11th 2018, when this paper was submitted,
two updates were made to the data. In a research note, van
Dokkum et al. (2018) reported deeper data on the GC whose
velocity was an outlier and revised it from −39 km s−1 to
−19± 10 km s−1. In addition, Trujillo et al. (2018) revisited
the distance estimates to DF2, finding a most likely value
of 13 ± 4 kpc instead of the original claim ∼ 19 ± 1 kpc.
This revised distance would also resolve the claim by van
Dokkum et al. (2018) of a striking population of GCs with
sizes (resp. luminosities) that are twice (resp. four times) as
large as usual. Trujillo et al. (2018) also identified another
9 GC member candidates.
Assuming the distance of van Dokkum, and the re-
vised globular cluster velocity, we find a most-likely σGC ∼
7 km s−1 and median σGC ∼ 9 km s−17. Our median de-
biased velocity dispersions become σGC = 10.0
+5
−3.5 km s
−1
at 68 % credibility and σGC = 10.0
+10.0
−5.5 km s
−1 at 95 %
credibility. This would give a mass-to-light ratio at rGC of
M/L < 6.0 (90 percent confidence). This still agrees well
with our initial calculations and the quoted values of Martin
et al. (2018). Assuming that the distance quoted by Trujillo
et al. (2018) is correct, our mass estimate at RGC ∼ 2 kpc
becomes M = 1.19+3.57−0.95 10
8 M, in agreement with the 90
percentile value in their Table 4. As it can be appreciated,
changing the distance (regardless of its actual value) of DF2
makes no difference to our conclusions.
Aside from the debate on distances, the reason why the
uncertainties have not changed much in the velocity dis-
persion is because the errors on the individual GCs are still
large, regardless of the value of the 10th object. This is much
more important than changing the adopted distance which
only causes slight changes in the half-light radius and stellar
mass of the galaxy. Even when adopting different authors’
quoted values for velocities or distances, we are left with
upper limits of mass-to-light ratios that are fully consistent
with other dwarfs where the evidence for large amounts of
dark matter is strong. We note that the estimates quoted
by different authors all assume a stellar mass-to-light ratio
which is dependent on the adopted IMF, which has typical
uncertainties of a factor of 2.
Therefore, no matter what preference one has for the
assumed distance of DF2, or even the velocity of the extra
GC, we conclude that the dark matter content of DF2 is
poorly constrained, either by the available GC kinematics,
or by its GC abundance.8, or both. This is not surprising,
7 We note that there are MCMC-to-MCMC changes of about
∼ 0.5km s−1
8 We note that Trujillo detected 9 additional GC candidates,
which would exacerbate the inconsistency between the inferred
mass from GC kinematics and that from their abundance as dis-
cussed above.
given our discussion of the Fornax dSph in section 2.1. The
important role of GC sample size (not emphasized in other
studies of DF2) on inferred masses is further discussed in
the two following sub-sections.
2.5 The risks of small-N systematics using
equilibrium distribution functions
As a final example to illustrate the dangers of small-sample
mass estimates, we will use a distribution function (D.F)
formalism to generate mocks9. Beyond the role of the sta-
tistical errors in the measurement, we ask ourselves the fol-
lowing question: “In a world with no measurement errors,
how many tracers would I need to make a meaningful mass
measurement?”
We address this by generating the D.F. of an isotropic
tracer population following a Plummer profile in equilib-
rium inside a spherical Hernquist profile brought to match
a NFW profile at the virial radius following van der Marel
& et al. (2012). We choose M200 = 10
10 M, for which a
concentration of c = 12.8 is adopted according to Correa
et al. (2015) assuming the cosmological parameters derived
by the Planck Collaboration et al. (2016). We sample the
D.F. such that N = 105 tracer particles are generated using
standard methods (see e.g. Kazantzidis et al. 2004; Laporte
& White 2015). It should be noted that for an isotropic dis-
tribution function, the distribution of line-of-sight velocities
is no longer Gaussian.
We then choose different fiducial numbers of tracers
N = [5, 10, 30, 100, 1000] to calculate the systematic uncer-
tainties in dynamical mass inferences relying on mass es-
timators. For this, we choose the estimator of W09, but
note that the same exercise with other estimators would
produce similar results. The uncertainties are calculated
by randomly drawing N tracers 1000 times and calculat-
ing M = 580 (σGC/km s
−1)2(rh/pc)M as in Walker et al.
(2009), keeping rh = 2.6 kpc fixed. The results are shown in
Figure 3 against different mass profile curves with M200 =
[0.01, 0.1, 1.0, 10, 100] × 1010M. As expected (Walker &
Pen˜arrubia 2011), the W09 method underestimates the en-
closed mass as can be seen by the convergent 1000 tracer
median value, albeit by a small amount for our purposes.
Interestingly, we see that for systems traced by only 5 to
10 objects the uncertainty in the dynamical mass measure-
ment of a galaxy is always uncertain by at least ∼ 1 order
of magnitude. This can lead to simultaneously contradictory
claims that UDGs bf could live in both MW-mass haloes in
some cases or have very little or no DM within them.
Because of the extremely simple model intentionally
considered (isotropic, spherical D.F.), these uncertainties
should be interpreted as lower limits on the systematic errors
(in reality these should be higher).
It is well known that the measurement of mass can be
affected by other sources of systematics. These include i) the
anisotropy parameter β, which is usually not well known for
extra-galactic observations which increase the uncertainty in
the mass measurement, ii) triaxality, which will introduce
9 A series of mock observations of spherical systems exist and
can be downloaded on the web at the Gaia challenge website:
http://astrowiki.ph.surrey.ac.uk/dokuwiki/doku.php?id=tests:sphtri
c© 2011 RAS, MNRAS 000, 1–8
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severe biases in spherical mass estimators (Laporte et al.
2013) as well as also iii) out-of-equilibrium dynamics. The
first two points should be highly relevant to NGC 1052-DF2.
Thus the systematics due to small-N samples that we report
constitute a lower limit on the true bias introduced by N .
This, together with the uncertainties from measurement er-
rors on the velocities make the inference of vD18 of a galaxy
lacking dark matter all the more inconclusive.
3 GC/STELLAR MASS HALO CONNECTION
FOR THE POPULATION OF COMA UDGS
Now that we have the shown that NGC 1052-DF2 has a
highly uncertain total mass, yet still consistent with it be-
ing dark matter dominated, it is useful to see how it com-
pares with the general population of Coma UDGs. Despite
the known uncertainties in extrapolating half-light measured
masses into virial mass estimates, and our limited knowledge
of the luminosity function below LMC-mass like galaxies,
we estimate M200 assuming that the relation of Harris et al.
(2017) holds for the Coma UDGs (Amorisco et al. 2018).
Figure 4 shows where the objects lie in halo mass (M200)
vs. effective radius and vs. stellar mass. We also show where
Fornax would be sitting in those planes if we were to de-
rive its halo mass using its globular cluster count of N = 5
or extrapolating its measured M(< rh) to R200. We note
two aspects from these figures. First, the inferred halo mass
ranges of Fornax and NGC 1052-DF2 (from kinematics to
NGC) do not seem to be in a special category when compared
to their other UDG cousins, whether by mass or effective ra-
dius. They are in fact consistent with the scatter in the UDG
population. Second, we see that Fornax can be considered
both as a normal dwarf or as overmassive simply from its
GCs, similarly to NGC 1052-DF2 for which the kinematic
halo mass extrapolation value is much more uncertain due
to low-N systematics. We thus conclude that extra care is
needed when interpreting the dark matter content of galax-
ies through extrapolations.
4 DISCUSSION
The ‘dearth of dark matter’ is not a new issue in the lit-
erature. Recent claims in this sense were made for massive
early-type galaxies (e.g. Romanowsky et al. 2003), but were
soon recognized as the effect of radial velocity anisotropy
(Dekel et al. 2005) or incomplete aperture corrections (Ag-
nello et al. 2014). Here, we have shown how some claims
on the DM content of UDGs are likely biased by the use
of small samples and inadequate modeling. The NGC 1052-
DF2 might eventually prove to lack DM, but our exploration
of model systematics and the remarkable case of the Fornax
dSph suggest otherwise. Our findings can be summarized as
follows:
• The estimated masses of Fornax from GC abundances
and kinematics can make it ‘overmassive’, ‘just right’ or
‘lacking dark matter’, due to large uncertainties from obser-
vations, mass estimators, scatter in the mass-concentration
relation and tidal stripping.
• Our revised velocity dispersion of NGC 1052-DF2 and
Figure 4. Virial mass vs. effective radius (top) and stellar mass
(bottom) for the NGC 1052-DF2 ultra-diffuse galaxy (green, from
Fig. 2, red from PvD18), the Fornax dwarf spheroidal galaxy (blue
using stars, magenta using globular clusters, both from Fig. 1),
and for the ultra-diffuse galaxies in the Coma cluster (black using
globular cluster counts). A natural scatter of 1 dex naturally arises
because of the expected diversity of halos in LCDM and because
of the uncertainties in GC abundances.
its uncertainties allow for halo masses M200 ≈ 109M and
up to M200 ≈ 1010M, for the same reasons.
• Even with exquisite velocities on 11 GCs, the mass of
NGC 1052-DF2 would be systematically uncertain by≈ 50%
at rh ≈ 3 kpc, and still by an order of magnitude at M200
due to the mass-concentration scatter.
• Besides the model uncertainties from mass-
concentration scatter and extrapolation from rh to the
virial radius, small samples have half-radius mass estimates
that are uncertain by at least one order of magnitude, as
our distribution-function experiment shows.
• With masses determined from their GC abundances and
kinematics, the Fornax dSph and NGC 1052-DF2 are not
unlike the overall population of UDGs in the Coma cluster
c© 2011 RAS, MNRAS 000, 1–8
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for which HST imaging data are available. In fact, their GC
abundance situates them at the boundary between ‘normal’
and ‘overmassive’ UDGs.
Another issue may be that of ‘sloshing’ of GCs relative
to the stellar body of their host, which may be indicative
of environmental processes on the UDG. This would be an
interesting aspect to investigate with integral-field spectro-
scopic observations of starlight, as compared to the GCs,
also in other galaxies that may be more tidally disturbed.
However, we can expect that small sample size and large ve-
locity uncertainties may produce spurious ‘sloshing’ signals.
For this reason, when generating our mocks we also recorded
the average velocity µ of each GC sample, and computed the
variance of µ across different mocks. The last line in the bias
table shows this, normalized to σ2/NGC, such that for very
large samples or very small uncertainties the asymptotics
NGC〈µ2〉/σ2 → 1 is satisfied. Quite surprisingly, the ratio
does not depend on NGC, up to NGC = 50 GCs. We then
conclude that, with the typical sample sizes of GC systems
around UDGs and other dwarfs, the sloshing signal may be
completely washed out by the measurement errors, unless
highly accurate velocities can be obtained. Still, even with
highly reliable velocities, measuring sloshing amplitudes be-
low σ/
√
NGC would be challenging (or even pointless).
While UDGs are certainly exciting objects, their masses
and dark matter content (or lack thereof) will remain highly
uncertain for a long time. Some hope remains in the age
of next generation telescopes (e.g. MOSAIC on ELT). For
now, our best hopes to study dark matter in dwarf galax-
ies through stellar dynamics alone remains in our cosmic
backyard, for which the Gaia satellite combined with HST
archival data is poised to advance the field of dark matter
in dwarf galaxies (see e.g. Massari et al. 2018, for some first
reports of 3D motions).
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